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Abstract 

 

Using high pressure and geological conditions simulation vessels, hydrous pyrolysis experiments of kerogen, solid bitumen and liquid 

hydrocarbons from southern China were carried out in order to study the processes of gas generation and derive geochemical indicators of 

gas genesis in approximate geological conditions of pressure and temperature. The results indicate that gas generation productivity of 

different marine material decreased in the order of crude oil (light oil and condensate), dispersed soluble organic matter (solid bitumen 

and heavy oil), and kerogen. Under identical temperature-pressure regimes, pyrolysates derived from kerogen and dispersed soluble 

organic matter display drastically different geochemical characteristics. For example, the δ
13

CCO2-δ
13

C1 values of gaseous products from 

dispersed soluble organic matter are greater than 20‰, while those from kerogen are less than 20‰. The δ
13

C1 values of pyrolysates from 

different marine hydrocarbon sources generally increase with pyrolysis temperature, but are always lower than that of the source 

precursors. The δ
13

C values of ethane and propane in the pyrolysates also increase with increasing pyrolysis temperature, eventually 

approaching that of their sources, at peak hydrocarbon generation. At high-over mature stages, the δ
13

C values of ethane and propane are 

often greater than that of their sources but close to those of coal gases, and thus become ineffective as gas genetic indicators.  

 

Ln (C2/C3) can clearly distinguish gases derived from kerogen degradation and oil cracking and Ln (C1/C2) – (δ
13

C1-δ
13

C2) can be an 

effective indicator for distinguishing gases derived from oil- and dispersed-soluble organic matter cracking. Previous studies performed 

on different source organic matter lead to important understanding of gas geochemistry (Ma, 2008; Liu et al., 2006; Berner et al., 1996; 

Cramer et al., 2001). As the complete gas series derived from a given source from low to high-over maturity stage seldom exists in nature, 

the geochemistry and evolution process of natural gas from the same source remains a puzzle. Earlier studies focused on the simulation of 

gas generation from simple organic matter, with degrees of success (Behar et a1., 1992; Cramer, 2004; Wang et al., 2001; Wang et al., 

2008; Tian et al., 2007), including the demonstration of key gas generation mechanisms and processes. These works have firmly laid the 



foundation for establishing the kinetics model of gas generation, gas geochemistry systematics, and key indicators for discriminating gases 
from oil cracking and kerogen degradation. However, many problems remain unresolved and applying scopes of several distinguishing 
indicators were limited, particularly for oil-derived gases at high maturity. Moreover, there is a critical lack of demonstration on the variation 
of geochemical characteristics of natural gas derived from a single source but at different maturity stages. 
 
Hydrous pyrolysis experiments can be used to study systematically the gas generation processes from organic matter, deriving important 
constraints for gas geochemistry and gas-source correlation. The theoretical basis for laboratory thermal simulation is that large organic 
molecules are gradually cracked to form small molecules in a manner similar to those in the subsurface geological regime. According to 
kinetic theory, temperature can be used to compensate the time, so the primary simulation experiment only took into account the effect of 
temperature on the hydrocarbon producing process. In order to simulate the geological reality, temperature, organic matter type, time, 
pressure, catalyst and rock matrix are among the key variables that have to be considered in simulation experiments. The experiments can be 
conducted in either open system (Cramer et al., 2001), semi-open system (Mi et al., 2007), or closed system (Xiao et al., 2007; Zhenget al., 
2009). Different systems have different merits, depending on the specific aim and objectives of each study. Some geochemical indicators and 
templates for distinguishing gases from oil cracking and kerogen degradation were established from experiments involving sealed golden 
vessel (Behar et a1., 1992; Prinzhofer and Huc, 1995). This article focuses on simulation of gas generation from different types of marine 
organic matter, using high pressure vessels under various closed and semi-open systems. We report here the key geochemical characteristics 
and implications for gas generation from different types of organic matter in mid-high maturity stages. 
 

Samples 

 
Kerogens are commonly classified into three genetic types, but this classification cannot meet our needs for studying gas generation from 
different marine hydrocarbon sources other than kerogen. On the basis of genetic type, property and evolution of organic matter, 
hydrocarbon sources can be divided into soluble, insoluble and acid soluble organic matter. According to the host type, organic matter can 
also be divided into dispersed, enriched and chemically bound types. Coal and oil shale are highly enriched organic matter; both dispersed 
and enriched organic matter are found in so-called hydrocarbon source rocks. Secondary hydrocarbon sources include dispersed soluble 
organic matter within and outside of common source rocks, and enriched soluble organic matter (Dai, 2003; Cai et al., 2006), e.g. solid 
bitumen, heavy oil, migra-bitumen or other soluble organic matter remaining in hydrocarbon source rocks, reservoirs and carrier beds, which 
can reproduce and re-expel hydrocarbons (Qin et al., 2007; Zheng, et al., 2008). Dispersed and enriched soluble organic matter can undergo 
subsequent evolution or oxidation to form altered soluble organic matter, one of the most important secondary hydrocarbon sources. 
Moreover, diagenesis process of organic matter can form organic-inorganic complexes such as organic acid salts, an important chemical 
hydrocarbon source (Lei, et al., 2009). Different types of hydrocarbon sources coexist, reciprocally transform, and simultaneously or 
successively produce hydrocarbons in marine hydrocarbon source rocks, especially the state switching and the relaying of generating 
hydrocarbon process and contribution in marine hydrocarbon source rocks in southern China; it takes on the gas evolution characteristics of 
multi-source complex and multi-stage continuity.  
 



In order to better understand the coexistence of various marine hydrocarbon sources, different types of marine hydrocarbon sources were 
subjected to pyrolysis in high pressure and geological condition simulation vessels. The basic geochemical data of the used samples are 
shown in Table 1.  
 

Pyrolysis Experiments and Analytical Conditions 

 
In order to study the effect of pore fluid pressure, space and high temperature liquid water on hydrocarbon generation processes and gaseous 
hydrocarbon geochemistry, pyrolysis experiments were conducted in a closed system, high pressure vessels and a semi-open geological 
conditions simulation vessel. High pressure vessel experiments were carried out with pressure ranging from atmosphere to 25 MPa and 
temperature from ambient to 600℃. The geological conditions simulation vessel experiments were conducted in approximate geological 
condition liquid pressure, confined pore space and the overlying lithostatic pressure. 
 
In order to simulate gas generation from low maturity to high maturity stages, the pyrolysis temperatures used range from 200℃ to 550℃, 
with a heating rate at 1oC/min and then staying at constant temperature for 48-96 h. Ten to 50% by weight of water bearing vapor was added 
to the high pressure vessel and saturate sample pore space and vessel space in the geological condition simulation vessel. Fluid pressure in 
the closed systems ranges from atmospheric pressure to 25 MPa (uncontrollable), while those in the semi-open systems vary from a few MPa 
to 150 MPa (controllable) to simulate hydrocarbon sources at different burial depth. The overlying lithostatic pressure is not imposed in the 
high pressure vessel, but added from tens to 200 MPa in the geological conditions simulation vessel. Rock chips were used in high pressure 
simulation, and original rock samples were used to preserve the original sample pore and structure in the geological conditions simulation. 
For experiments with crude oils, added rock matrix was pure limestone that had been extracted with chloroform and treated in high a 
temperature closed system.   
 
Deionized water and the sample were added into the reaction vessel, which was sealed and pumped to vacuum. The pyrolysis experiments 
were conducted at different sets of temperature and pressure combinations to represent different geological settings. The pyrolysates were 
collected and weighted after the temperature inside the reaction vessel had dropped to 150℃. When the fluid pressure exceeded the given 
value, the products were collected and weighted in the geological conditions simulation. The compositions and carbon isotopes of gaseous 
products were analyzed and listed in Table 2. 
 

Results and Discussion 

 
Gas Composition and Characteristics 

 
Gaseous products in the pyrolysates consist mainly of hydrocarbon gases, carbon dioxide, and hydrogen, with subordinate amounts of 
nitrogen and carbon monoxide. Gaseous hydrocarbon production from crude oil has the highest yields, increasing rapidly with increasing 
pyrolysis temperature above 400℃ and more modestly above 500℃ (Table 2 and Figure1). The gas yields from dispersed soluble organic 
matter come second, followed by those of kerogens. As a result, gas sources with higher soluble organic matter show higher gaseous 



hydrocarbon yields at any given pyrolysis temperature. The hydrocarbon gas yield of a source rock generally correlates positively with 
increasing organic content, but negatively with thermal maturity. In general, hydrocarbon gas yields are higher in closed system pyrolysis 
than in semi-closed system, and the difference becomes much smaller under higher temperature regimes. 
 
The pyrolysates consist mainly of methane, whose yields peaked at 500℃. The C2+ hydrocarbon gas yields are the highest at 400℃ or 500℃, 
depending on the source types, where better quality organic matter type tends to show higher temperature. Thermal cracking of higher 
molecular weight alkanes to form methane may be invoked to explain our observations. The contents and isotope compositions of carbon 
dioxide are different for kerogens and dispersed soluble organic matter (Figure 2). The δ13CCO2-δ13C1 values of gaseous products from 
dispersed soluble organic matter are greater than 20‰, while those of gaseous products from kerogens are lower than 20‰, indicating the 
isotope fractionation between carbon dioxide and methane derived from soluble organic matter is greater than those from kerogen.  
 
Pyrolysis of Guangyuan bitumen and Canadian heavy oil shows increased δ13CCO2 value with increasing carbon dioxide content in the 
pyrolysate, indicating a contribution from carbonate decomposition. In contrast, pyrolysates of other samples in this study generally show 
decreased δ13CCO2 value with increasing carbon dioxide content, indicating a different mechanisms for CO2 generation. 
 
Stable Carbon Isotopes of Hydrocarbon Gases  

 
In the early stage of thermal cracking, the δ13C value of methane is relatively low, but higher values are observed in pyrolysates from crude 
oil and dispersed soluble organic matter, as a result of low temperature hydrocarbon cracking and polymerization (Xiong et al., 2004). With 
increasing thermal maturity, δ13C value of methane increases but is lower than that of their hydrocarbon sources. The clear source control on 
hydrocarbon gas δ13C value is illustrated in Figure 3. Because thermal maturity significantly affects methane isotopes, the use of δ13C value 
of methane as a source indicator can only be done for samples with similar maturity levels. 
 
With increasing maturity, δ13C values of ethane and propane also increase (Figure 3). At peak hydrocarbon gas generation (450-500 ℃, 
Figure 1), these values approach their source values, and can thus be used as source indicators. It is worth noting that the simulation 
temperature at which the δ13C values of heavy hydrocarbon gases approach their source values is lower in kerogen pyrolysis than in 
pyrolysis of dispersed soluble organic matter, indicating lower activation energy for kerogen degradation than that required for thermal 
cracking of crude oil and dispersed soluble organic matter. Thus, in a given petroleum system, δ13C values of the heavy hydrocarbon gases 
derived from kerogen approach those of their sources earlier than those from crude oil and dispersed soluble organic matter. However, the 
gaseous products from kerogen have far lower yields than those from crude oil and soluble organic matter. The reason for relative lower 
stable carbon isotope values of methane from oil cracking lies in prior fractionation occurring during the transformation from kerogen to 
crude oil. As a result of methane generation from C2+ hydrocarbons with lower carbon isotope values than that of crude oil, lower carbon 
isotope values are expected for the methane products. Under the same temperature, that the carbon isotopic compositions of methane and 
ethane in the geological condition vessel simulation are lighter than that in the high pressure vessel simulation is caused by the isotope 
fractionation induced by the pressure in the geological condition vessel simulation. 
 



Regardless of their source, kerogen, crude oil, or dispersed soluble organic matter, the δ13C  values of produced methane and ethane 
gradually increase with increasing thermal evolution (Figure 4). At a high maturity stage, the carbon isotopic values of ethane from manifold 
sources are greater than the boundary value (-28‰ or -29‰) distinguishing coal type gas from oil type gas at present (Xu, 1994; Wang et al., 
2006). Moreover, at the high-over mature stage (being greater than 400-500℃, Ro＞1.5), the δ13C values of ethane and propane are greater 
than that of their hydrocarbon sources (Figure 3 and Figure 4), thus the sources types of natural gases have to be judged by a combination of 
the heavy hydrocarbon carbon isotopes and other indicators.  
 
Differentiation of Gases Derived from Source Rock Thermal Degradation and Thermal Cracking of Soluble Organic Matter 

 
If we look at the composition of gaseous products from various hydrocarbon sources, the Ln (C1/C2) ranges of gaseous products are not 
significantly different between those from different types of kerogen and dispersed soluble organic matter and Ln (C1/C2) values show 
similar trends with increasing pyrolysis temperature. However, the Ln (C1/C2) ranges of oil cracked gases are smaller than that from 
dispersed soluble organic matter (Figure 5). This is likely related to long chain aliphatic carbon cracking in crude oil, whereas relative low 
saturated hydrocarbon content and relative high heavy component in dispersed soluble organic matter. The compositions of original organic 
matter have a significant control on the compositions of gaseous products, thus the relatively more homogeneous original organic matter 
would give rise to less heterogeneous gaseous hydrocarbon compositions. 
 
The variation in the Ln (C2/C3) values for gaseous products shows significant differences between different types of kerogen and dispersed 
soluble organic matter (Figure 6). At low pyrolysis temperatures, the Ln (C2/C3) values for gaseous products of crude oil and dispersed 
soluble organic matter vary very little. At higher temperatures (450-550℃), however, the Ln (C2/C3) values of gaseous products increase 
rapidly, the contents of C2 also increase steadily, but the contents of C3 change in different directions, until the peak hydrocarbon generation 
is reached (Figure 1). With increasing simulation temperature, the Ln (C2/C3) values of gaseous products from different type of kerogen also 
increase.  
 
Previous researchers conclude that the C1/C2 ranges of gaseous products from crude oil are relatively small, with great C2/C3 scopes, 
indicating that reaction rates of C3 Cracking into C1 and C2 being relatively great cause the large ranges of C3 contents, whereas the C1/C2 
scopes of gaseous products from kerogen are relatively great with a small C2/C3 range, indicating that C1 contents increase quickly with 
relatively stable increasing of C2 and C3 evoke the large ranges of C1 contents (Zheng et al., 2009; Behar et a1., 1992; Wang et al., 2006). In 
the paper, prior to peak hydrocarbon generation, the Ln (C2/C3）ranges of gaseous products from crude oil (dispersed soluble organic 
matter) cracked gas and kerogen degraded gas are relatively small, with a large Ln (C1/C2) range. The Ln (C1/C2) values show larger 
variation for crude oil (dispersed soluble organic matter) cracked gases than that of kerogen degraded gas. The Ln (C1/C2) values of crude oil 
cracked gas vary between 0 and 2, but the Ln (C1/C2) values of kerogen degraded gases are mostly between 1 and 2. At peak generation to 
over-mature stage, the Ln (C2/C3) change of gaseous products has a significant difference between manifold kerogen and crude oil (dispersed 
soluble organic matter). Relative to Ln (C1/C2), Ln (C2/C3) changing scope of crude oil (dispersed soluble organic matter) cracked gas is 
obviously bigger than that of kerogen degradation gas. Moreover, with increasing thermal simulation temperature, the Ln (C2/C3) increasing 
rate of crude oil (dispersed soluble organic matter) cracked gas is obviously bigger than that of kerogen degraded gas, indicating that in the 



map of Ln (C1/C2) and Ln (C2/C3), the linear gradient of crude oil cracked gas is bigger than that of kerogen degraded gas (Figure 7), which 
being inconformity with the former, and the deficiencies of the former traditional plate are reformed (Behar et al., 1992). The Ln (C2/C3) 
could serve as an effective indicator for distinguishing kerogen degradation gas from crude oil (soluble organic matter) cracked gas, 
particularly in peak generation to over-mature stage.   
 
Previous studies often use Ln (C2/C3) and δ13C2-δ13C3 as an indicator to distinguish gases derived from kerogen degradation and oil cracking, 
e.g. in Angola, Kansas, and Tarim Basin (Zheng et al., 2009; Behar et al., 1992; Zhao et al., 2001; Wang et al., 2006; Xu, 1994). The 
correlation between Ln (C2/C3) and δ13C2-δ13C3 is not used for identifying the natural gas origin in the paper. It indicates that evident 
difference for crude oil and soluble organic matter exists in the diagram of Ln (C1/C2) and δ13C1-δ13C2  (Figure 8). The Ln (C1/C2) ranges and 
the δ13C1-δ13C2 differences for soluble organic matter cracked gas both vary greatly, but both vary little for oil cracked gas. Crude oils 
consist mainly of long chain aliphatic compound, their component being relatively simple in the article, and the ranges of C1/C2 ratios and 
the differences of δ13C1-δ13C2 from gas products both are small. But the components of dispersed soluble organic matter are complex, and 
the ranges of C1/C2 ratios and the differences of δ13C1-δ13C2 from gas products both are great, so the components of original matrix control 
the components and isotopes characteristics of gaseous products. In this article, we conclude that Ln (C1/C2) and 13C1-δ13C2 can be used as 
an effective indicator for distinguishing oil cracked gas from soluble organic matter cracked gas. 
 

Conclusions 

 
Results of pyrolysis experiments in both closed system and semi-open systems reveal similar trends in the gas yields, chemical and stable 
carbon isotope compositions of pyrolysates: 
 
1) With increasing pyrolysis temperature, the yields of methane and heavy hydrocarbon gases gradually increase, and then decrease after the 
experiments reach a certain temperature. Peak methane yields occur at higher temperature than that of heavy hydrocarbon gases. The gas 
composition and yields are also strongly dependent on the hydrocarbon sources.  
 
2) The stable carbon isotope values of gaseous hydrocarbons become positive with increasing pyrolysis temperature, but δ13C values of 
methane are always lower than that of their sources. At peak hydrocarbon generation, the δ13C values of ethane and propane approach to that 
of their sources, but become higher at high-over maturity stages and thus cannot be used to identify their source types. 
 
3) The chemical and stable carbon compositions of hydrocarbon gases are mainly controlled by gas source type, thus hydrocarbon sources 
with lower carbon isotopic values tend to generate gases with lower carbon isotopic values. 
 
4) Ln (C2/C3) can be considered as an good indicator for distinguishing gases derived from kerogen degradation and gases from crude oil and 
soluble organic matter thermal cracking. Based on results from our work, the cross plot of C1/C2 and δ13C1-δ13C2 appear to be effective as 
differentiators for gases from oil cracking and gases from soluble organic matter cracking.  
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Figure 1. The productivity characteristics of hydrocarbon gas from simulation products in manifold sources. 



 
 
 
 
 

 
 
Figure 2. The correlation between CO2 content and δ13CCO2, CO2/CH4 and δ13CCO2-δ13C1 of gaseous products in manifold hydrocarbon 
sources. 
 



        
 
Figure 3. The varying characteristics of carbon isotopic compositions of hydrocarbon gaseous products in different types hydrocarbon 
sources. 



        
 
Figure 4. The carbon compositions of methane and ethane of gaseous products in manifold sources. 



 
 
 
 

 
 
Figure 5. The varying rule of Ln (C1/C2) with temperature of gaseous products in different types sources. 



 
 
 
 

 
 
Figure 6. The varying rule of Ln (C2/C3) with temperature of gaseous products in different types. 



 
 
 
 

 
 
Figure 7. The correlation between Ln (C1/C2) and Ln (C2/C3) of gaseous products in different types sources. 



                  
 
Figure 8. The characteristics of Ln (C1/C2) and 13C1-δ13C2 of hydrocarbon gas from different types sources. 



 

 

 
 
Table 1. The geochemical data of different types hydrocarbon sources in the simulation. Note: the column Ro/Rb marked with “” indicating 
bitumen reflectance. 
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Table 2.  The geochemistry of simulated gas from manifold hydrocarbon sources. Note: the last figure of the sample number is the 
simulation temperature. So called DK of the sample number represents the artificially geological condition simulation. “*” indicates the 
limestone added into the simulation sample. 




